Clonal deletion of the chromosome 5 long arm (del(5q)) has important prognostic implications for patients with myelodysplastic syndromes (MDS) or acute myeloid leukemia (AML).^[@bib1]^ Even standard intensive therapy including induction chemotherapy and allogeneic hematopoietic stem cell transplantation is often associated with treatment failure.^[@bib2]^ Combination azacitidine plus lenalidomide represents a potential innovative approach in these patients, and is also supported by existing data from patients with higher-risk non-del(5q) MDS or AML.^[@bib3],\ [@bib4]^

The primary objective of the Azacitidine-Lenalidomide multicenter phase I study was to identify the dose-limiting toxicity and maximum tolerated dose of lenalidomide in combination with a fixed regimen of azacitidine during treatment cycle 1 in patients with higher-risk MDS or AML and del(5q). Secondary endpoints were clinical and cytogenetic response rates, safety and mutational analyses. A standard 3+3 design was used to determine the maximum tolerated dose. Eligible patients were: aged ⩾18 years with del(5q) karyotypic abnormalities; had an Eastern Cooperative Oncology Group performance status score of 0--3; had previously treated or untreated International Prognostic Scoring System Intermediate-2- or high-risk MDS or AML (\>30% bone marrow (BM) blasts according to French-American-British classification); and were ineligible for immediate allogeneic hematopoietic stem cell transplantation due to donor unavailability. The study was conducted in accordance with the Declaration of Helsinki, and received approval from appropriate institutional review boards or ethics committees. All patients provided written informed consent. ClinicalTrials.gov identifier NCT00923234.

The effects of azacitidine are cell-cycle S-phase-dependent, whereas lenalidomide inhibits cell-cycle progression; therefore, we considered sequential administration of azacitidine followed by lenalidomide to maximize their additive effects.^[@bib5]^ In accordance with a previous study,^[@bib4]^ and to avoid potentially higher hematotoxicity associated with azacitidine in direct combination with lenalidomide, patients received azacitidine 75 mg/m^2^/day subcutaneously (days 1--5) then oral lenalidomide (days 6--19) starting at 10 mg/day, escalating in 5 mg increments to 25 mg/day. Patients who experienced dose-limiting toxicity could continue at the next lower dose level. In patients with partial response or stable disease, induction therapy was continued up to eight cycles, or until progressive disease, unacceptable toxicity, or complete response (CR). To prevent continued hematotoxicity, patients who achieved complete BM blast clearance (\<5% BM blasts or CR) after ⩾2 cycles of induction therapy received maintenance therapy, which comprised azacitidine 30 mg/m^2^/day subcutaneously (days 1--5) followed by lenalidomide at maximum tolerated dose (days 6--19) every 8 weeks, up to six cycles or until progressive disease. Response was evaluated using International Working Group 2003 criteria for AML and 2006 criteria for MDS.^[@bib6],\ [@bib7]^

Conventional chromosome banding analyses from BM cultures and fluorescence *in situ* hybridization analyses of peripheral blood CD34^+^ cells were performed. Evaluation of molecular mutations in candidate genes including *TP53* was performed using next-generation deep-sequencing of whole-BM cells before the study.^[@bib8]^ Screening for *ASXL1* mutations was performed using Sanger capillary sequencing. Changes in *TP53* mutation levels were evaluated in patients who achieved both complete hematologic and cytogenetic responses.

Twenty patients (median age 69 years; 55% male) were enrolled, including 35% of patients with World Health Organization-defined AML. Del(5q) was present as an isolated abnormality in 15% of patients, and as part of a complex karyotype in 80% 11 of 17 patients (65%) evaluable for molecular analysis had a *TP53* mutation at baseline. All patients were wild-type for *ASXL1*, *EZH2* and *ETV6*. Azacitidine (30%), allogeneic hematopoietic stem cell transplantation (15%), lenalidomide (10%) and low-dose cytarabine (10%) were the most common regimens among previously treated patients; 9 (45%) were previously untreated. Median time from diagnosis to screening was 11.3 months (range, 0.7--112.5). Median follow-up duration was 15.3 months (range, 0.4--33.7).

A median of two induction cycles (range, 1--6) were administered; two patients received maintenance cycles. Three of six patients treated with lenalidomide 25 mg experienced a dose-limiting toxicity, including: one patient with absence of hematologic recovery despite achieving a BM CR (suggesting response, but no recovery of counts due to drug-associated toxicity); one patient with pneumonia considered probably related to the study drugs; and one patient with grade 3 deep-vein thrombosis considered possibly related to lenalidomide, which required temporary treatment interruption then dose reduction. Of an additional three patients to receive lenalidomide 20 mg, one patient had a treatment delay of \>4 weeks, resulting from a grade 4 sepsis considered probably related to study drugs. Although the lenalidomide maximum tolerated dose of 20 mg in combination with azacitidine was lower than in previous reports,^[@bib3],\ [@bib9]^ the heavily pretreated patient population together with the sequential approach may have potentiated the hematologic toxicity profile of both compounds. In addition, del(5q) progenitors are more sensitive to the antiproliferative effects of lenalidomide compared with other cytogenetic aberrations.^[@bib5]^

The adverse event profile of sequential azacitidine and lenalidomide was consistent with that of the individual drugs.^[@bib10],\ [@bib11]^ The most common non-hematologic grade ⩾3 AEs were pneumonia (40%) and sepsis (15%). The most common treatment-related grade 3--4 hematologic AEs were thrombocytopenia (45%) and neutropenia (35%). Overall, 13 of 29 serious AEs were considered to be possibly, probably, or definitely related to the study drugs, including: three events of grade 3 febrile neutropenia; one of grade 4 pancytopenia; two of pneumonia; and one event each of grade 4 sepsis and grade 3 herpes zoster (in one patient), grade 3 deep-vein thrombosis, grade 3 nausea and vomiting, grade 4 thrombocytopenia, grade 3 anemia and grade 4 cerebral ischemia. Seven patients with serious AEs died (median one cycle), including two patients with *Aspergillus* pneumonia, one patient with atypical pneumonia, one patient with infectious sepsis and three patients with pneumonia. However, only one serious AE resulting in death (pneumonia in a patient who received one cycle of lenalidomide 25 mg) was considered related to study drugs. Overall, 10 patients survived ⩾6 months after treatment initiation.

Despite most patients having a complex aberrant karyotype and heavily pretreated, response rates were encouraging ([Table 1](#tbl1){ref-type="table"}). Of 19 patients evaluable for response, 26 and 42% achieved hematologic (CR, CR with incomplete recovery of peripheral blood counts or partial response) and cytogenetic responses, respectively. Among previously untreated patients, hematologic and cytogenetic response rates were 44 and 56%, respectively. All three patients who achieved a cytogenetic response without hematologic response discontinued treatment early due to AEs. Median duration of hematologic and cytogenetic responses was 2.3 months (range, 0.9--8.1) and 3.2 months (range, 1.9--6.4), respectively. All responders achieved an initial response after cycle one, in contrast to data with azacitidine alone.^[@bib12]^ Although other studies of sequential azacitidine 75 mg/m^2^ and lenalidomide (up to 75 mg) have reported higher response rates (up to 60%), among untreated patients with higher-risk MDS or AML, they enrolled a comparatively low percentage of patients with adverse baseline cytogenetics.^[@bib3],\ [@bib9]^ Furthermore, the majority of our patients displayed a *TP53* mutation. This is consistent with the high-rate of *TP53* mutations observed in advanced del(5q) MDS, which appears to underlie MDS pathophysiology in some patients with del(5q).^[@bib13]^

An interesting preliminary finding suggested that monitoring of peripheral blood del(5q)-positive CD34^+^ cells may be a surrogate marker of response. Compared with baseline, the percentage of peripheral blood CD34^+^ cells with the del(5q) clone was reduced in the five hematologic responders (including three with *TP53* and one with *DNMT3A* mutations) after one cycle of therapy (*P*=0.001) ([Figure 1a](#fig1){ref-type="fig"}), but remained unchanged in nonresponders ([Figure 1b](#fig1){ref-type="fig"}). Furthermore, for the first time we performed minimal residual disease monitoring in consecutive BM samples of patients with complete cytogenetic and hematologic responses using next-generation deep-sequencing. Sequential treatment resulted in a rapid decline and disappearance of the *TP53-*mutant clone in one patient ([Figure 1c](#fig1){ref-type="fig"}), and decline followed by steady re-emergence in the other ([Figure 1d](#fig1){ref-type="fig"}). Re-emergence of the *TP53* clone might have occurred owing to treatment continuation by consolidation (lower doses, cycles every 8 instead of 4 weeks), and preceded hematologic and cytogenetic relapse by several months. In addition, del(5q) and del(17p) levels in peripheral blood CD34^+^ cells increased concomitantly with the re-emergence of the TP53-mutated clones in the BM ([Figure 1d](#fig1){ref-type="fig"}). Intensification of combination treatment especially for the first six cycles under molecular minimal residual disease monitoring might require further investigation. Effects on *TP53* mutated clonal cells have not been reported with lenalidomide alone, reinforcing the potential benefit of its combination with azacitidine.^[@bib14],\ [@bib15]^ Both lower- and higher-risk del(5q) MDS patients harboring *TP53* mutations have lower response rates to lenalidomide and a high-risk of AML evolution compared with unmutated patients.^[@bib14],\ [@bib15]^ Whether the addition of azacitidine improves treatment outcomes needs to be evaluated in future studies.

In summary, in a population of del(5q) higher-risk MDS and AML patients, including a majority with complex karyotypes, the sequential combination of azacitidine and lenalidomide was shown to be a feasible and potentially effective treatment strategy, even in patients with *TP53*-mutated clones. We observed a correlation between the percentage of peripheral CD34^+^ cells with del(5q) and response, suggesting that monitoring of this cell population may be a surrogate marker of response. Our results encourage application of sequential azacitidine and lenalidomide as first-line therapy for MDS patients with del(5q) in future trials, using a maximum lenalidomide dose of 20 mg, and with close surveillance of hematologic side-effects during the first two induction cycles.
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![Percentage of CD34^+^ cells in PB with del(5q) by fluorescence *in situ* hybridization analysis in (**a**) hematologic responders (*n*=5; *P*=0.001; every patient is marked by a unique symbol to allow for individual pre and posttreatment comparisons) and (**b**) nonresponders (*n*=14). (**c** and **d**) Levels of *TP53* mutation load and percentage of FISH^+^ cells at the respective sampling time points are reported on the *y* axis. (**c**) Universal patient number 15 who achieved CCR and hematologic remission: changes in *TP53* mutation levels in the BM and changes in del(5q) CD34^+^ FISH^+^ cells in the PB. The patient achieved a CR with incomplete recovery of peripheral blood counts and CCR after the first cycle of induction therapy. The second cycle of treatment had to be delayed due to prolonged cytopenia. Upon recovery from cytopenia the patient displayed a hematologic and cytogenetic relapse. A CCR was obtained again after the second course of treatment. Six months after the first cycle of induction therapy the patient underwent an allogeneic hematopoietic stem cell transplantation. (**d**) Universal patient number 13 who achieved CCR and hematologic remission: changes in *TP53* mutation levels in the BM, and changes in del(5q) and del(17p) CD34^+^ FISH^+^ cells in the PB. The patient underwent three cycles of induction therapy, which were followed by four cycles of maintenance therapy every 8 weeks. CR and CCR lasted for 9 months. During this time we observed the re-emergence of the *TP53* mutated clone in the BM, as well as the del(5q) and del(17p) CD34^+^ blood cells, months before hematologic and cytogenetic relapse.](leu201326f1){#fig1}

###### Individual patient characteristics and responses in 19 patients evaluable for response

  *Universal patient no.*    *Dose cohort*   *Disease (FAB/ WHO)*   *IPSS risk*  *Age, years*   *Cytogenetics additional to del(5q)*                                                                                                                                                                                                                                                                                *TP53 mutation (exon)*   *No. of induction (maintenance) cycles received*   *Best hematologic response*   *Best cytogenetic response*
  ------------------------- --------------- ---------------------- ------------- -------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------ -------------------------------------------------- ----------------------------- -----------------------------
  1                                I             RAEB/ RAEB-2          High      69             del(1)(p36p32),+8                                                                                                                                                                                                                                                                                                             No                                  2 (3)                                     CRi                           PR
  2                                I               AML/ AML             ---      45             t(4;17)(q12;q11.2), t(6;8)(p12;q24), −7, +der(7)t(7;13)(p10;q10), −12, +der(12)t(X;12)(q2?;q13), −13, −22                                                                                                                                                                                                                     No                                    2                                       SD                            SD
  3                                I             RAEB/ RAEB-2          High      69             −9, +der(9)t(1;9)(q21;q22), del(11)(q14q24)                                                                                                                                                                                                                                                                                   NA                                    2                                       SD                            PR
  4                                I             RAEB/ RAEB-2          Int-2     73             None                                                                                                                                                                                                                                                                                                                          No                                    5                                       SD                            SD
  5                               II             RAEB/ RAEB-2          High      57             t(2;9)(p14;q22), −3, +der(3)t(17;3;18;3;18;4;2)(17?-\> 17?::3?-\>3cen-\>::18?-\>18?::3?-\> 3?::18?-\>18?::4p13?-\>4q31?::2?-\>2?), −4, +der(4)t(4;17)(4p11-\> 4q21::17q12-\>17q23::?), −7, +der(7)t(7;19)(q34;?), iso(11)(q10), −17, +der(17)t(17;19)(p11.2;?), −18, +der(18)t(18;3)(18pter-\> 18q11.2::3?), −19           Yes (6)                                  1                                       SD                            PR
  6                               II               AML/ AML             ---      66             None                                                                                                                                                                                                                                                                                                                      Yes (7, 8)                                3                                       SD                            SD
  7                               II             RAEB/ RAEB-2          Int-2     49             +der(3)t(3;6)(p10;q10), −6, −7, del(12)(p13p11.2), −17, −20, +der(20)t(17;20)(q10;p10)                                                                                                                                                                                                                                     Yes (6)                                  5                                       SD                            PR
  8                               II               AML/ AML             ---      67             +11, −17                                                                                                                                                                                                                                                                                                                      No                                    2                                       PD                            PD
  9                               III            RAEB/ RAEB-2          High      75             der(3)t(3;5)(p11;p13), der(11)t(11;12)(p15;q13), −12, der(17)t(17;20)(p11.2;p11.2), der(18;20)(p10;q13?), −20, +der(20)t(10;18;20)(18pter?-\> 18p11.2?::20p11.2::10q24-\> 10qter?)                                                                                                                                         Yes (5)                                  3                                       SD                            SD
  10                              III             AML/ sAML             ---      68             r(11)hrs(11)(q23)                                                                                                                                                                                                                                                                                                          Yes (6)                                  4                                       SD                            SD
  11                              III            RAEB/ RAEB-1          High      72             del(7), (q11.2?), −16, +der(16) t(16;21)(p10?;q10?)x2,−21, i(21)(q10), der(22) t(1;22)(p11;p11.1)                                                                                                                                                                                                                             NA                                    6                                       SD                            SD
  12                              III              AML/ AML             ---      55             40--42, X, −X, −3, der(4) t(X;4)(p?;q21), t(4;11)(q11;q21?), der(6)t(6;7;11)(qter-\>p?::?-\>?), del(6)(q?), t(7;11)(pter-\>q22?::?), −11, der(11)t(4;11)(qter-\>?::q21?-\> pter), −14, −16, del(17)(q?), +20, der(20)t(11;20)(?::q13-\>pter), +22 \[cp21\]                                                                 Yes (5)                                  2                                       PR                            PR
  13                              III            RAEB/ RAEB-1          Int-2     60             −7, −13, +der(13)(q14?q22?), der(17)t(17;22)(p13;p11.2?), −22, +2mar                                                                                                                                                                                                                                                    Yes (5, 6, 7)                             3 (4)                                     CR                            CR
  14                              III              RA/ RCMD            Int-2     80             −7, der(17)t(5;17)(q13;p13)                                                                                                                                                                                                                                                                                                Yes (8)                                  1                                       CRi                           PR
  15                              IV             RAEB/ RAEB-2          Int-2     60             dic(6;18)(p23;p11.1)del(18)(q21), +8                                                                                                                                                                                                                                                                                       Yes (5)                                  1                                       CRi                           CR
  16                              IV             RAEB/ RAEB-2          High      78             −7, −16, +der(16) dic(16;17)(q13?;p12?), −17                                                                                                                                                                                                                                                                                  No                                    1                                       SD                            SD
  17                              IV             RAEB/ RAEB-2          High      76             t(1;6)(q42;p22), t(3;4)(p14;p16), −12, der(16), der(18)t(5;18)(q13;q21.3)                                                                                                                                                                                                                                                  Yes (6)                                  3                                       SD                            PD
  18                              IV             RAEB/ RAEB-1          Int-2     71             del(7q), +8, del20(q), +17p, del(18q), del(21q)                                                                                                                                                                                                                                                                               No                                    3                                       SD                            SD
  19                              IV               AML/ AML             ---      63             None                                                                                                                                                                                                                                                                                                                       Yes (5)                                  2                                       SD                            SD

Abbreviations: AML, acute myeloid leukemia; CR, complete response; CRi, CR with incomplete recovery of peripheral blood counts; FAB, French-American-British; Int, Intermediate; IPSS, International Prognostic Scoring System; NA, not applicable; PD, progressive disease; PR, partial response; RA, refractory anemia; RAEB, RA with excess blasts; RCMD, refractory cytopenia with multilineage dysplasia; sAML, secondary AML; SD, stable disease; WHO, World Health Organization.
